N eurological and neuropsychological impairment because of exposure to mercury (Hg) vapor has been demonstrated in different occupationally exposed populations, [1] [2] [3] [4] and its toxic effect on the human visual system has been reported in several studies. [5] [6] [7] [8] [9] [10] Nevertheless, there is no clear knowledge of the level of exposure at which Hg vapor causes adverse effects. Visual impairment has been found in subjects with very low urinary Hg concentration, such as children exposed to inorganic Hg in their living environment 11 and dentists exposed to inorganic Hg because of the manipulation of dental amalgam in their work environment. 12 Both groups had urinary Hg concentration below the level considered safe for nonexposed individuals (Ͻ5 g Hg/g creatinine). 11, 12 The American Conference of Governmental Industrial Hygienists has recommended a threshold limit for monitoring of urinary Hg concentration of 35 g Hg/g creatinine. 13 The World Health Organization (1980) had previously suggested the limits of 5 g/100 mL for blood Hg concentration and of 50 g/g creatinine for urinary Hg concentration in occupational exposure. 14 Nevertheless, neuropsychological effects of Hg intoxication have been revealed at concentrations lower than these safety levels. 15 Evidence for neurobehavioral impairment because of occupational exposure to inorganic Hg at urinary concentrations below 100 g Hg/g creatinine has been reported. 16 A meta-analysis performed with results from 12 studies of occupational Hg exposure showed a significantly lower performance of Hg-exposed subjects compared with the control group. 16 Some studies showed evidence for neuropsychological decrements associated with low Hg concentrations on attention, visual perception, memory, and psychomotor speed. 1, 15 There is, however, some controversy concerning the occurrence of neuropsychological deficits in workers exposed to Hg. 16 In line with previous evidence that Hg vapor can have neurological effects at very low levels of exposure, the objective of this study was to evaluate whether there are decrements in visual and neuropsychological functions in workers with assumed low exposure to Hg vapor. Table 1 presents demographic and  occupational information for the 21 Hg-exposed subjects evaluated and for the 10 subjects included in the study. The mean age and the mean urinary Hg levels are given separately. Table 2 provides demographic information for the control subjects.
Materials and Methods

Subjects
Hg-exposed subjects were workers from a mercury recycling industry in Paulínia, São Paulo, Brazil, who were sent to our laboratory by the National Agency of Sanitary Vigilance to have their visual and neuropsychological functions tested. The National Agency of Sanitary Vigilance had monitored their urinary Hg concentrations, periodically, along with general health examinations. From 21 subjects, only 1 had urinary Hg value above the threshold limit recommended by American Conference of Governmental Industrial Hygienists and his results were not included in the study because he was a smoker. From 21 workers evaluated, 11 had to be excluded for the following reasons: smoking (5), workers who had no direct Hg exposure (4), previous exposure to other hazardous substances (1), and neurologic history (1) . Hg-exposed subjects included were 10 workers (8 men and 2 women) aged from 23 to 52 years (mean, 32.5 Ϯ 8.5 years), who had been exposed to Hg vapor between 1.5 and 9 years (mean, 4.3 Ϯ 2.8 years), and at the time of The workers had different occupational functions, including one laboratory technician, one cleaner, two subjects working on machine maintenance (one of which also unpacking lamps), one working on unpacking and breaking fluorescent lamps, and five reactor operator/ fluorescent lamp breaker (Table 1) .
Results were compared with those of 5 different control groups (1 for each test) comprising a total of 79 healthy subjects. The control subjects were unexposed individuals, including students, professors, and workers (and also their relatives) from the Institute of Psychology, to which the laboratory belongs. Their results are part of the laboratory's database and were collected by different researchers at different times ( Table 2) .
Testing was conducted by six different examiners, each of whom had experience with at least one of the tests. Those who conducted the neuropsychological tests and psychiatric inventories had a degree in Psychology in addition. Exclusion criteria were visual acuity, measured with the Snellen optotypes, worse than 20/25; known ophthalmological or neurological diseases; congenital color vision deficiencies; exposure to other heavy metals besides Hg; alcoholism; and smoking. All subjects were screened for congenital color vision deficiencies with the D-15 test. 19 Informed consent was signed by all subjects. The procedures complied with the tenets of the Declaration of Helsinki and were approved by the Research Ethics Committees of the Institute of Psychology and of the University Hospital, University of São Paulo.
We performed all visual tests monocularly, with one eye opened and the other one covered. For the Hgexposed subjects, the tests were performed monocularly in both eyes. For the control subjects, only one eye, randomly chosen, was tested. The neuropsychological tests were administered binocularly for both groups. The tests were performed in the same day with intervals for lunch and breaks to avoid fatigue effects. , and they were produced in a 19-in FD Trinitron CPD-G420 CRT monitor (Sony Electronics, Tokyo, Japan) through a VSG 2 ⁄4 graphics board (Cambridge Research Systems, Rochester, England), with a 100-Hz temporal resolution and 800 ϫ 600 spatial resolution. Monitor luminance and chromatic calibrations were performed with a Minolta CS-1000A photometer (Konica Minolta, Tokyo, Japan). The spatial frequencies used were 3, 6, 12, and 18 cycles/degree (cpd), and the subjects were positioned 1.5 m away from the monitor, providing 4°visual angle. To determine the contrast sensitivity function, we used the method of adjustments. With this psychophysical method, the subject's task was to adjust the contrast to its minimum perceived level, through a response box, in steps of 1% through ascending and descending presentations of gratings. The number of trials in the protocol resulted from previous research in our laboratory aimed at establishing a testing procedure sufficiently rigorous to yield reproducible results and not too long, given the time constraints of clinical populations. 6, 12 Color Vision Tests
Equipments
The D-15 d test (Luneau SAS, Prunayle-Gillon, France) comprises 16 color chips, 1.2 cm in diameter, in a black plastic support. The colors of the chips were defined by the Munsell system. 20 The chips of the D-15 d test had the same lightness (value ϭ 5) and saturation (chroma ϭ 4). The color chips were placed on a desktop covered with a black cloth. The subject was instructed to arrange the colors in a continuous order. An illumination of 500 lux was provided by two fluorescent lamps (Sylvania Octron 6500 K FO32W/65K Day-Light, Munich, Germany). The total color difference score (TCDS) was calculated to express discrimination capacity. 21 Higher TCDS score values indicate deviation from the errorless cap arrangement. The minimum TCDS value for the correct order for this test is 56.41.
Cambridge Colour Test (CCT).
This test was performed using the CCT version 2.0 software (Cambridge Research Systems, Rochester, England) in a microcomputer XTC-600 (Dell Dimension, Winston-Salem, NC) equipped with a VSG 5 graphics card (Cambridge Research Systems) and a Sony FD Trinitron color monitor GDMF500T9 (Sony Electronics), with 100 Hz temporal resolution and 800 ϫ 600 spatial resolution. Monitor luminance and chromatic calibrations were performed with a Minolta CS-1000A photometer (Konica Minolta). Visual stimuli consisted of a Landolt "C" target, composed of circles of a given chromaticity having a series of different randomly chosen sizes and luminances, which were presented against a background of constant chromaticity. Tests were performed in a dark room with illumination provided only by the monitor with the visual stimuli. A subject was positioned 2.6 m away from the monitor providing 18°of visual angle for the gap in the Landolt "C" target. The gap appeared randomly in one of four orientations (up, down, left, and right), and the subject's task was to indicate the position of the opening by pressing a corresponding button of a response box. The Trivector test measured color discrimination thresholds relative to a background chromaticity (Comission Internationale de l'Éclairge [CIE] 1976: uЈ ϭ 0.1977, vЈ ϭ 0.4698) as excursions in uЈvЈ units along the protan, deutan, and tritan confusion axes. The Ellipse test measured color discrimination thresholds along eight color space vectors around the same background chromaticity.
The CCT version 2.0 software calculates a threshold for each vector after 11 reversals using the last 7 trials, which is the part of the staircase that should be around the threshold area. The program does not include the first reversals, because they depend on the starting point, which is far from the threshold.
Neuropsychological Tests and
Psychiatric Inventories. The aim of the neuropsychological assessment is to investigate the cognitive expression of brain functioning. Neuropsychological instruments were included in this study to examine the possible impact of mercury on cognitive function. The assessment battery included measures of 1) information processing speed efficiency; 2) executive function, which includes complex processes intrinsic to the ability to respond adaptively to new situations and demands of the environment; 3) short-term and longterm memory assessed verbally and visually; 4) motor performance, which is known to be impaired in many neurological conditions; and 5) visuoconstructional ability that requires planning and visuoperceptual skills. Since cognitive deficits and mood alterations can interact, depression and anxiety symptoms inventories were administered.
Stroop Test.
This task evaluated information processing speed, inhibitory control ability, and selective attention. In part 1, the subject was asked to name colors printed in rectangles. Then, the subject was required to name colors printed in "neutral" words (noncolors; part 2). In part 3, color names printed in nonmatching colors were presented, and the subject was asked to name the printed color.
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Buschke Selective Reminding Test (SRT).
The Buschke Selective Reminding Test assessed the ability to learn new verbal information and retrieval efficiency. A 12-item list of unrelated words was verbally presented, and the subject was required to recall as many of them as possible during multiple trials. A delayed recall trial was administered 30 minutes later.
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Visual Reproduction.
The visual reproduction, a subtest of the Wechsler Memory Scale (Psychological Corporation, San Antonio, TX), is a measure of immediate and long-term visual memory in which the subject was asked to reproduce four increasingly complex geometric pictures, one at a time, after a 10-second presentation period. Delayed recall trial was administered 30 minutes later.
Controlled Oral Word Association Test.
The Controlled Oral Word Association Test is a verbal fluency test widely used as a measure of executive function. The subject was required to generate as many words as possible beginning with each of the letters "F," "A," and "S" during a 60-second period.
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Grooved Pegboard.
The Grooved Pegboard (Lafayette Instrument Company, Indiana, IN) provided a measure of manual dexterity, psychomotor speed, and visual-motor coordination. The test consists of a pegboard with 25 holes with randomly positioned slots and 25 key-shaped pegs that match them. Subjects were required to insert the pegs into the holes as quickly as possible by rotating them.
Block Design.
This subtest of the Wechsler Adult Intelligence Scale (Psychological Corporation) assessed visuospatial organization and planning skills. The task consisted of reproducing 9-printed patterns with blocks.
The Beck Depression Inventory (BDI).
The BDI rate depression symptoms inventory is composed of 21 questions presented in a multiple choice format. 22 A Portuguese version of the BDI (Casa do Psicó logo, São Paulo, Brazil) was administered.
State-Trait Anxiety Inventory (STAI).
The State-Trait Anxiety Inventory consists of two 20-item subscales and provides measures of anxiety symptoms that differentiate a temporary condition (state anxiety) and stable qualities (trait anxiety). Subjects filled a Portuguese version of the State-Trait Anxiety Inventory (Centro Editor de Psicologia Aplicada, Rio de Janeiro, Brazil). 23 
Analysis
Because the data were not normally distributed, we applied nonparametric tests (Mann-Whitney U test and Wilcoxon matched pair test), with the level of significance of P Ͻ 0.05 (Statistica 6.0; StatSoft, Tulsa, OK). In addition, linear regression and correlation analyses were performed to investigate a possible relation between results and exposure time to Hg vapor, and Hg urinary concentrations. The statistical power was calculated for each test considering the parameters showing statistic differences between controls and Hg-exposed subjects. We used the averages and SDs (two-tailed test).
Results
Visual Field Tests
Two Hg-exposed subjects failed the reliability test and were excluded. Hg-exposed subjects' eyes were separated in two groups-best eyes and worst eyes-based on their mean deviation (Humphrey mean result). Visual field tests revealed losses in 6 of 8 subjects of the Hg-exposed group. Table 3 presents the basic statistics for the visual field test results for both, controls and Hgexposed subjects.
Significant sensitivity reductions for the Hg-exposed subjects relative to the control group at some regions of their visual fields were found in both tests. Compared with the controls, 9°and 15°of eccentricity were different for the worst eyes (P Ͻ 0.01). Similar results were found in the SWAP: 3°, 9°, and 15°of eccentricity were different for the worst eyes (P Ͻ 0.03, P Ͻ 0.05, and P Ͻ 0.05, respectively) compared with the controls (Mann-Whitney U test). The mean sensitivity at the fovea of the best and the worst eyes did not differ from the controls for either the SAP (Fig. 1A) or the SWAP (Fig.  1B) procedures. Nevertheless, at five concentric eccentricity rings, from 3°t o 27°of visual angle, there was a lower sensitivity for both best and worst eyes at all eccentricities, with statistical significance for the worst eyes at 9°and 15°for the SAP, and at 3°, 9°, and 15°for the SWAP (Fig. 1) .
The mean deviation values-a location weighted mean of the values in the total deviation plot-showed a significant difference for the Hgexposed subjects compared with the controls for the SAP (P Ͻ 0.01; Fig.  2A ) and the SWAP (P Ͻ 0.02; Fig.  2B ), with similar results between best and worst eyes (SAP, P ϭ 0.44; and SWAP, P ϭ 0.07; Wilcoxon matched pair test; Fig. 2 ). The statistical power ranged from 51% to 97% (two-tailed test), and we assumed that the low power for some parameters is explained by the low number of workers included in the study. Global sensitivity results expressed as mean deviation values of the visual field examinations for the Hg-exposed subjects (n ϭ 8) and for the controls (n ϭ 20). There was a significant reduction of the mean deviation in both eyes (light gray, best eyes; dark gray, worst eyes) for both tests: A, SAP (P Ͻ 0.01) and B, SWAP (P Ͻ 0.02) compared with controls. trations at the time of examination (P ϭ 0.25).
Luminance Spatial Contrast Sensitivity Test
The luminance spatial contrast sensitivity was significantly lower in Hg-exposed subjects compared with controls for the 12-cpd spatial frequency for the worst eyes (P Ͻ 0.02), and the statistical power was 91.9% (two-tailed test). For the other spatial frequencies tested, there were no significant differences compared with controls, for either the best eyes (P ϭ 0.28) or for the worst eyes (P ϭ 0.13; Mann-Whitney U test; Table 4 and Fig. 3) .
We did not find any correlation between luminance spatial contrast sensitivity results and length of exposure to the Hg vapor (P ϭ 0.09) or their urinary Hg concentrations at the time of examination (P ϭ 0.05).
Color Vision Tests
D-15 D Test.
The TCDS was calculated to express discrimination capacity. 21 TCDS was 56.87 Ϯ 1.43 for the controls. In the Hg-exposed subjects, TCDS was elevated relative to controls for both best eyes (58.37 Ϯ 3.76) and worst eyes (62.00 Ϯ 5.43). The difference was statistically significant for the worst eyes (P Ͻ 0.01) but not for the best eyes (P ϭ 0.15; Mann-Whitney U test). There was also significant difference between best and worst eyes (P Ͻ 0.05; Wilcoxon matched pair test).
CCT. The color discrimination thresholds of the three vectors tested (protan, deutan, and tritan) did not differ between Hg-exposed subjects and controls for both best eyes (P ϭ 0.18) and worst eyes (P ϭ 0.17). There was no difference between Hg-exposed subjects and control subjects for all parameters of the Ellipse test for the best eyes (P ϭ 0.18). For the worst eyes, we found a difference for the axis ratio (P Ͻ 0.01) and for the minor axis (P Ͻ 0.04; Mann-Whitney U test); the statistical power was 83.5% (twotailed test; Table 5 and Fig. 4) .
There was no difference between best and worst eyes of Hg-exposed subjects for all CCT parameters (P ϭ 0.34), except for the tritan threshold (P Ͻ 0.01; Wilcoxon matched pair test). No correlation was found between color vision results and number of years of exposure to the Hg vapor (P ϭ 0.07) or their urinary Hg concentrations at the time of examination (P ϭ 0.06).
Neuropsychological Tests and Psychiatric Inventories
The Hg-exposed group and the control group did not differ in terms of any neuropsychological measure, indicating similar cognitive performances. There were also no significant differences between groups regarding the mood inventories, suggesting equivalent depression and anxiety profiles (Table 6 ). Nevertheless, significant correlations were found between duration of exposure on the following scores of the Buschke Selective Reminding Test: long-term retrieval (R ϭ 0.72, P Ͻ 0.02), long-term storage (R ϭ Ϫ0.73, P Ͻ 0.02), and randomic long-term retrieval (R ϭ Ϫ0.67, P Ͻ 0.04; Spearman correlation). Indeed, duration of exposure had significant relation to the BDI (R ϭ 0.68, p Ͻ 0.04) scores, suggesting that exposure is a predictor of higher scores on the BDI. Regarding the verbal memory test, duration of exposure predicted a lesseffective encoding of verbal stimuli.
Discussion
The results obtained in this study showed visual dysfunction in subjects occupationally exposed to Hg vapor within the accepted safety levels of urinary Hg concentration (mean, 22.3 Ϯ 9.3 g Hg/g creatinine). The exposure length ranged between 1.5 and 9 years (mean, 4.3 Ϯ 2.8 years), but there was no correlation between losses and length of exposure.
High levels of chronic exposure to Hg vapor are known to cause neuropsychological impairment, as well as damage to visual functions mediated by central vision, such as contrast sensitivity function and color discrimination, and visual field losses. 4 -10,15,24 Much less is known about nervous system alterations that The data from the Hg-exposed workers are plotted individually as filled diamonds (gray, best eyes; black, worst eyes). For the worst eyes, 12 cpd was statistically different for the Hg-exposed subjects compared with controls (P Ͻ 0.02). may occur at low level exposure to Hg vapor, even if it is known that the estimated number of workers exposed to low level of Hg vapor in the world is in the order of several thousands. 25 Some studies have suggested that the neurobehavioral effects of Hg exposure have not determined a level of exposure that is convincingly safe. Evidence for impairments has been reported at occupational exposure to Hg vapor at urinary concentrations below 100 g Hg/g creatinine in a meta-analysis of neurobehavioral results. 16 As a result of gold mining and other anthropogenic factors, which cause Hg release in the Amazon basin, fishes exhibit high levels of methylmercury contamination. Fishes constitute an important component of the basic diet of riverine communities. 26 The exposure of this population to methylmercury through fish consumption has been associated with visual dysfunction and with other Hg intoxication symptoms. [27] [28] [29] These symptoms have also been found among populations living in regions situated far away from the gold mines, 30 but depending on eating fish as their main diet component. 26 Most of the knowledge on visual field effects caused by Hg intoxication comes from the studies after methylmercury exposure in Japan (1950s) and Iraq (1970s). The Minamata disease, caused by ingestion of methylmercury contaminated seafood from the Minamata bay and the neighboring areas in Japan, has been regarded as the typical neurological description of the concentric constriction of the visual field. [31] [32] [33] [34] Visual field constriction has been correlated with significant impairments in the calcarine cortex shown by magnetic resonance imaging. 35, 36 In the early 1970s in Iraq, as a result of poisoning of farmers by consumption of grain treated with methylmercury as fungicide, the visual field changes in most of the patients were also described as concentric constriction. 37 Visual field losses have also been found to result from exposure to Hg vapor. In workers chronically exposed to high levels of Hg vapor for 10 years in average, we found sensitivity reduction at all eccentricities tested-from the fovea to 27°at the peripheral visual field. 9 In the present study, we have found reductions for the Hg-exposed subjects' worst eyes tested with SAP at 9°and 15°of eccentricity, and with SWAP at 3°, 9°, and 15°of eccentricity.
At high levels of methylmercury intoxication, the calcarine area of the visual cortex exhibited atrophy, which produced visual symptoms. 35, 36 Even at low levels of exposure to methylmercury, the calcarine area had changes in its glial cells in monkeys. 38, 39 In the case of Hg vapor, magnetic resonance imaging showed a mild central and cortical atrophy in frontal regions and in the subcortical white matter in a subject exposed to Hg vapor in a thermometer factory, and this was related to the difficulties in neuropsychological tests. 40 Some pathophysiological differences between methylmercury and Hg vapor intoxication may occur because of the kinetics and biotransformation of Hg in the organism that depend on its chemical and physical form. 41 Exposure to Hg vapor has been demonstrated to produce Hg deposits in the primate retinas. In adult monkeys exposed to Hg vapor by inhalation, autometallographic techniques showed that Hg accumulates in both glial cells and neuronal cells in the retina, with some differences in accumulation between central and peripheral retinal regions. A detailed topographic analysis showed Hg deposits in the central and midperipheral parts of the retina but not in the peripheral retina. 42, 43 Furthermore, retinal damage has been found in methylmercury intoxication as a reduction of the density in amacrine and bipolar cells, and alterations of the horizontal cells by electrophysiological measurements. 44, 45 In humans exposed to Hg vapor, electrophysiological evidence for impairment of the peripheral retina has been found in full-field electroretinogram responses, and in the central retina by multifocal electroretinogram responses. 5 The authors argued that the involvement of the central retina, in addition to the retinal periphery, was in line with psychophysical results showing losses of central visual functions (luminance spatial contrast sensitivity and color vision), 5 confirmed by the present study.
Luminance spatial contrast sensitivity has been used to evaluate visual functions and has been shown to be altered in different types of Hg intoxication. 6, 12, 27, 28 In this study, in chronic exposure to low level Hg vapor, there was significant reduction of sensitivity for 12 cpd; a previous study measured spatial contrast sensitivity at five spatial frequencies (from 1.5 to 18 cpd) and the authors found, among other visual alterations, poorer spatial contrast sensitivity for 12 cpd in riverine populations (Amazon) exposed to low levels of methylmercury. 30 Workers with high Hg vapor levels of intoxication showed a uniform reduction, measured psychophysically and electrophysiologically, for the spatial contrast sensitivity function: seven spatial frequencies measured psychophysically (from 0.2 to 20 cpd) were significantly lower for the Hg-exposed workers. 6 Similar results showing losses throughout the same spatial frequency range were found in dentists who had been occupationally exposed to Hg vapor for many years during preparation of dental Hg amalgam and removal of amalgam fillings, nevertheless they presented very low concentrations of urinary Hg.
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Our results confirm findings of previous studies showing that the D-15 d test is appropriate for evaluating color discrimination in subjects occupationally exposed to neurotoxic substances. 46, 47 These findings agree with a previous study that showed subclinical losses of which the workers were unaware, 7 suggesting the D-15 d test would be useful for screening color vision deficiencies in cases of early neurotoxicity in exposed workers. In contrast with previous results in which the CCT was shown to be sensitive to evaluate a group several years after a long period of exposure to Hg vapor, 6 in the present group, differences between Hg-exposed subjects and controls were found for only two parameters in the Ellipse test.
Summarizing the neuropsychological assessment, no significant differences were found between performance of controls and Hg-exposed subjects on any measurement of this series. On the other hand, significant negative correlations were found between duration of exposure and verbal memory performance, suggesting lower storage and word retrieval efficiency of this population. Although low scores on randomic long-term retrieval are desirable, the negative correlation with duration of exposure seems to represent inconsistence in recalling words rather than a better performance with the increase of duration of exposure. The positive correlation between duration of exposure and scores on BDI reveals more depressive symptoms, which are common in Hg-exposed workers. 4 Because depression is a risk factor for decline of neuropsychological performance, further studies, with larger sample size, should include correlation analysis between depression scores and neuropsychological measures to clarify whether possible impairments are related to Hg exposure or mood disorders.
A previous study found verbal memory deficits and depression symptoms in former workers of a fluorescent lamp plant, 10 years in average after the exposure was ceased. 4 This study is in agreement with previous results that have not found significant differences in neuropsychological test scores between chloralkali workers exposed to low Hg concentrations and controls. Nevertheless, in that study, concentration of Hg in blood correlated significantly with poorer performances in 
